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In-situThe growth behavior of thin silver ﬁlms on organic layers is investigated during deposition bymeans of simulta-
neous in-situ monitoring of sheet resistance and transmittance. Thermally evaporated ﬁlms up to 11 nm show a
distinct percolation behavior with strong resistance drop at the percolation thickness. Additionally, evaporations
are divided into a sequence of one nanometer steps. In the deposition breaks, the ﬁlms exhibit a ripening effect
with an inversion at the percolation thickness, by changing from an increasing to decreasing sheet resistance over
time. Scanning electronmicrographs suggest same ripeningmechanisms for islands below the percolation thick-
ness as for holes above.
© 2014 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-SA license.1. Introduction
Recently, increasing efﬁciencies of organic solar cells show the
potential of this technology to supply the world with renewable
on-site solar energy [1]. One obstacle towards this goal is the brittle-
ness of standardmetal oxide transparent electrodes impeding indus-
trial production on ﬂexible substrates with roll to roll processing
lines [2]. Among other techniques, a very promising alternative is
the usage of ultra-thin metal electrodes which can be deposited in
low-energy evaporation processes as bottom and top contacts. In
dielectric–metal–dielectric systems, they provide high optical trans-
mission and extremely low sheet resistancewhilemaintainingﬂexibility
[3,4].
In this work thin silver ﬁlms have been investigated as transparent
electrodes for utilization in organic devices. Preparation was carried
out via thermal evaporation in vacuum chambers. The silver ﬁlms
were deposited on doped organic hole transport layers acting as mimick-
ing layers for a complete device. Thus the growth behavior on an actual
device was preserved while keeping the whole sample transparent and
simple. Sheet resistance and transmittance of the silver ﬁlms were mea-
sured in-situ during the deposition and scanning electron micrographs
were taken afterwards. With such experiments the growth of thin silver
ﬁlms could be monitored and analyzed.. Open access under CC BY-NC-SA licMetals like silver tend to agglomerate during thermal evaporation
on most substrates. Because of this Volmer–Weber growth behavior,
islands form within the ﬁrst few nanometers of deposition [5,6]. These
islands act as nanoparticles and show plasmonic effects. Localized sur-
face plasmons are excited with their excitation energies being propor-
tional to the island's diameter [7,8]. These effects cause scattering and
absorption, strongly diminishing the ﬁlm transmittance. With further
deposition, the silver islands grow until they are only separated by nar-
row trenches down to the substrate. Now paths of electrical conduc-
tance form over the whole sample due to island coalescence, deﬁning
the point of percolation (POP). At the same point, localized surface plas-
mon excitation is strongly suppressed. A trade-off between transmit-
tance and sheet resistance is observed with ongoing deposition. This
growth behavior can be strongly inﬂuenced by the use of different elec-
trodemetals, substrates, temperatures, deposition rates, and surfactants
[6,9–11].
To gain insight to ripening processes, silver deposition was inter-
rupted after every nanometer. Thereby in-situ measurements could be
compared to ex-situ measurements and scanning electron microscope
(SEM) pictures. During the evaporation breaks, the sheet resistance
showed signiﬁcant change, indicating a ripening of the ﬁlm. A feature
ripening inversion could be observed around the POP.2. Experimental details
Material evaporation took place in a high vacuum chamber (CreaPhys
GMBH, Dresden, Germany), which is connected to a glovebox (MBraun,ense.
Fig. 1. Sheet resistance and transmittance of a silver ﬁlm on 20 nm of p-doped BF-DPB
vs. thickness d for a standard in-situ monitor evaporation. The point of percolation (POP)
is marked with a vertical line. Here silver islands connect to conductive grid.
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preparation under inert conditions with a residual amount of water and
oxygen below 1 ppm. Evaporation processes were carried out at around
1 × 10−4 Pa. On 2.5 × 2.5 cm2 BK7 glass substrates (Schott, Mainz,
Germany) an organic hole transport layer consisting of 20 nm of N,N′-
((diphenyl-N,N′-bis)9,9,-dimethyl-ﬂuoren-2-yl)-benzidine (BF-DPB)
doped with 10 wt.% of 2,2-(perﬂuoronaphthalene-2,6-diylidene)
dimalononitrile was deposited by thermal evaporation from Al2O3
crucibles, which were heated electrically. Silver ﬁlms where then
deposited from molybdenum evaporation boats, also heated by
an electric current. The electrical and optical performance of the
electrodes was measured during evaporation of the silver layer
with the in-situ monitor — a custom-made measurement tool
which enables in-situ measurements of a four-point probe sheet
resistance, transmittance and sample temperature using a Keithley
2400 source measuring unit (Keithley Instruments, Ohio, USA),
two SFH206K photodiodes (OSRAM, München, Germany) (trans-
mittance and reference) for an integrated transmittance and anFig. 2.Top: Scanning electronmicrographs of silver deposited on 20nmof p-doped BF-DPBwith
are graphically segmented using thresholding to show connected areas. Bottom: Schematic draw
ripening processes. Both contract during silver evaporation breaks, leading to either a rise or aAlumel®–Chromel® thermocouple. The Keithley 2400 is connected to
two pre-evaporated aluminum contact pads of 50 nm thickness, deﬁning
an electrode measurement area of 78.2 mm2. Film thickness was logged
during the measurement using a calibrated quartz microbalance. In
case of layer thicknesses below 10 nm, the ﬁlms are neither smooth nor
closed. There the given thickness should be regarded as nominal, indicat-
ing the amount of material on the sample. For ripening investigations,
11 nm of silver was evaporated in 1 nm steps with two minute breaks
between successive evaporations. Scanning electron micrographs were
taken with a Zeiss ΣIGMA ﬁeld emission scanning electron microscope
(Zeiss, Oberkochen, Germany) with electron beam acceleration voltages
at 20 kV.3. Results and discussion
Before analyzing the ripening processes in the silver electrode
microstructure, ﬁrst a continuous, uninterrupted silver deposition
is investigated to understand the fundamental processes in the
metal electrode growth. Fig. 1 shows sheet resistance and transmit-
tance data versus layer thickness of a continuous silver evaporation
on an organic layer described above. The growth process of such
layers can be divided into three regimes. First, the island regime
with a slow decline in sheet resistance, then a sudden decrease
around the POP at roughly 8 nm, and ﬁnally a bulk-like region in
which the conductivity of the layer increases very slowly. The initial
decline in sheet resistance in the island regime until 6 nm is caused
by growing islands of highly conductive silver and narrowing paths
between them. Island growth continues until coalescence sets in
around the POP. As the SEM images in Fig. 2 show, some islands
have already started interconnecting at 6.5 nm, below the POP, but
there is no long range connection detectable. Around the POP,
there is a rapid decline of the sheet resistance because of fast island
coalescence across the entire sample. At this critical layer thickness
of 8 nm, a conductive network is built. At 9 nm, after the POP most
of the islands are interconnected, see Fig. 2, and the sheet resistance
enters the bulk regime. Further deposition does not drastically alter
the ﬁlm microstructure. These regimes match the transmittance
curve very well. It nicely follows the Lambert–Beer exponentialthicknesses of 6.5 nm(left), 8 nm(middle) and 9.5 nm(right). The lowermicrograph parts
ing showing the presumed basic Ag island (gray) and hole behaviors behind the observed
decrease in sheet resistance.
Fig. 3. Sheet resistance and transmittance of a thermally evaporated silver ﬁlm on a doped
organic layer vs. time. Cross hatched areas mark the duration of evaporation phases. A
change in ripening behavior can be observed after evaporation of the 8th nanometer,
which marks the point of percolation. Data inlets show detailed data for the deposition
breaks after the 7th and 8th nanometer.
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ness. For thinner ﬁlms from 3 to 13 nm, the transmittance falls
below the Lambert–Beer trend, with the highest deviation around
the point of percolation. In this region, plasmonic absorption is ob-
served due to localized surface plasmons in silver islands acting as
nanoparticles. Once the islands interconnect, localized surface plas-
mons can no longer be excited and the transmittance follows the
Lambert–Beer behavior. The turning point of the transmittance
curve coincides well with the POP.
To compare in-situ with ex-situ measurements, non-continuous de-
positionswere performedwhich showan inversion of the feature ripen-
ing at the POP. In Fig. 3 the experiment is repeated with evaporation
breaks of 2 min after each nanometer. As expected from continuous
evaporations, the sheet resistance falls during every deposition with a
very strong decrease during the deposition of the 8th nanometer. We
interpret this as the POP, which coincides very well in thickness with
the previous measurements. Ripening processes can be seen in the
breaks between depositions. Up to the deposition of the 7th nanometer
of silver, increases in the sheet resistance are observed in the breaks
afterwards. From the 8th nanometer on, there is a change in ripening
behavior during the breaks. Decreases in sheet resistance can be seen
afterwards in the subsequent deposition breaks.
The transmittance stays constant during the deposition breaks, indi-
cating that the number of islands in total does not change before the
POP. Otherwise additional or less plasmon excitations would alter the
transmittance.
This suggests the following ripening behavior: Solitary silver
islands have been reported to grow in a Volmer–Weber growth
mode [12].When no deposition is taking place, these islands contract
and becomemore circular over time due to surface energyminimiza-
tion to occupy as little space on the organic layer as possible. The
low-conductivity gaps between islands thus widen during the depo-
sition breaks and the sheet resistance rises. After the POP, most of the
sample is interconnected and decreases in sheet resistance can be
observed in evaporation breaks. However, this behavior is less pro-
nounced the thicker the silver ﬁlm becomes, suggesting holes in
the silver ﬁlm as ripening motor. Just as the islands before, the
holes contract and thereby minimize their impact on the sheet resis-
tance of the silver ﬁlm. With higher ﬁlm thickness, hole contraction
becomes an increasingly negligible factor, but directly above the per-
colation thickness, island interconnections are thin and easily inﬂu-
enceable by hole reshaping.
These observations are in good agreementwith literature. On organic
sublayers, as used here, silver tends to form clusters [9]. At roomtemperature silver clusters of several atoms have often been reported
to move bodily across highly oriented pyrolytic graphite, a fast diffu-
sion process in which a cluster moves as one entity without changing
its shape [13–15]. We expect similar bodily diffusion in our experi-
ments, until a critical island nucleation size is exceeded by merging
of several clusters. Afterwards the islands cannot move as an entire
entity anymore, but island reshaping can occur driven by system en-
ergy minimization [16]. A reshaping of bigger silver islands at tem-
peratures above 100 °C has been shown in annealing processes
[16,17]. This is likely to happen in our system, as studies show
strongly increased mobility towards thinner ﬁlms leading to de-
creasing annealing temperatures [16] and duration [17] to achieve
morphological restructuring. Additionally, surface defects can fur-
ther inﬂuence cluster mobility [15].
Thus, high cluster mobility and island or hole reshaping capability
are expected for the amorphous ultra-thin silver ﬁlms shown in this
work, driven by the diffusion of surface-near atoms with unfavorable
bonding constellation. A high disorder in the thermally evaporated
organic sublayer may also affect these processes.
4. Conclusion
We have electrically and optically monitored thin silver ﬁlms in-situ
during their evaporation and observed growth and ripening behavior of
these ﬁlms. In continuous depositions their sheet resistance slowly
decreases at low thicknesses until a strong decline. At higher silver
thicknesses the sheet resistance enters a bulk-like regime. We inter-
pret this data as isolated silver islands ﬁrst growing on the substrate
until interconnections cause a distinct percolation at a certain thick-
ness. Afterwards further deposition leads to closing of the remaining
holes in the silver ﬁlm. Stepwise depositions of 1 nm each with
2 minute deposition breaks in between also exhibit percolation be-
havior. Before the percolation thickness, the sheet resistance
increases during the deposition breaks, afterwards it decreases.
This we interpret as feature ripening of the silver islands before the
percolation thickness and the holes in the silver ﬁlm after the perco-
lation thickness respectively. Both features contract and become
more circularly shaped during the deposition breaks. By in-situ
measurements, we have seen a feature ripening inversion effect for
ultra-thin silver ﬁlms.
This technique poses a promising method to understand the under-
lying mechanisms of metal growth by thermal evaporation to enable
fast and cost-effective roll-to-roll production of ﬂexible and efﬁcient
organic devices independent of the substrate used.
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